Ambient-and high-temperature precipitation strengthening are investigated in Al-0.06Sc, Al-0.06Zr, and Al-0.06Sc-0.06Zr (at.%) alloys. Following solidification, Sc is concentrated at the dendrite peripheries while Zr is segregated at the dendrite cores. During isochronal aging, precipitation of Al 3 Sc (L1 2 ) commences between 250 and 300 ℃ in Al-0.06Sc, which reaches a 429 MPa peak microhardness at 325 ℃. For Al-0.06Zr, precipitation of Al 3 Zr (L1 2 ) initiates between 400 and 425 ℃, resulting in a 295 MPa peak microhardness at 475 ℃. A pronounced synergistic effect is observed when both Sc and Zr are present. Above 325 ℃, Zr additions provide a secondary strength increase which is attributed to precipitation of Zr-enriched outer shells onto the Al 3 Sc precipitates, leading to a peak microhardness of 618 MPa at 400 ℃ for Al-0.06Sc-0.06Zr. Upon compressive creep deformation at 300-400 ℃, Al-0.06Sc-0.06Zr exhibits threshold stresses of 7-12 MPa, which may be further improved by optimal heat-treatments.
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Al 3 Zr (L1 2 ) with α-Al [1] .
10
In previous studies by the authors, the microstructures and ambient- We previously investigated precipitation strengthening in binary Al-0.1Sc, at 640 ℃ for 28 h.
101
Two button ingots of Al-0.06Sc-0.06Zr, labeled (a) and (b), were prepared 102 in order to ensure that sufficient material was available for subsequent analyses.
103
Most analyses were performed on Al-0.06Sc-0.06Zr(a), which was only aged to 104 400 ℃ to preserve the bulk of the material in the peak-aged condition and to 105 allow for subsequent isothermal aging. Likewise, the as-cast specimen of Al-106 0.06Sc was only aged to 400 ℃, while the homogenized specimen was aged to 107 500 ℃.
108
[ concentrations for each set of data.
164
In as-cast Al-0.06Sc, Fig. 2(a) , the dendritic cells contain ∼0.05 at.% Sc (Table 1) .
175
In as-cast Al-0.06Zr, Fig. 2(c in the as-solidified Al-Sc alloy, Fig. 2(a) .
182
In as-cast Al-0.06Sc-0.06Zr, Fig. 2(d 
217
In the Al-0.06Zr alloy, precipitation of Al 3 Zr (L1 2 ) commences between 400
218
and 425 ℃ and leads to a peak microhardness value of 295±10 MPa at 475 ℃,
219
with a corresponding change in electrical conductivity of 2.4 ± 0.1 MS m -1 .
220
There is a continuous decrease in microhardness and electrical conductivity 221 above 500 ℃. 
237
The Al-0.06Sc alloy achieves a peak microhardness at 325 ℃, while Al- after 400 h, the microhardness has decreased further to 545±13 MPa.
254
Data from our previous study on more concentrated Al-0.1Sc and Al-0.1Sc- minimum strain rate can thus be described by a modified power-law equation:
where A is a constant, σ is the applied stress, Q is an activation energy, R g is phenomenon has been studied in detail for the Al-Zr system by Ohashi and The situation is more complex for ternary alloys, however. We observed solid, then C S is given by the Scheil equation:
where C 0 is the bulk alloy composition and f S is the fraction solidified. The partition coefficient, k 0 , is ordinarily defined where the compositions are in wt.%. To maintain consistency and to simplify the discussion, however, we calculate and apply k 0 using compositions in at.%. Furthermore, the difference between k 0 calculated with compositions in wt.% or at.% are negligible for the dilute concentrations considered here. tration variation to 5% of its initial value is [65] : which is close to the sum of the differences for the binary alloys.
463
The microhardness and electrical conductivity evolution during isochronal 464 aging corroborates our previous observations on more concentrated Al-0.1Sc, tour lines in Fig. 7 , has also been fit to these data and has the form:
where C Sc and C Zr are the Sc and Zr solute concentrations (in at.%) and ∆σ at.%).
486
In cast Al-Zr alloys the initial distribution of Zr solute atoms is highly seg- The Al-Sc-Zr alloy achieves peak microhardness at 400 ℃ during isochronal 513 aging, Fig. 3 , but the Al 3 (Sc 1−x Zr x ) precipitates coarsen after extended expo-514 sure at this temperature (detectable at 100 h and pronounced at 400 h), Fig. 4 .
515
The overaging observed at 400 ℃ is consistent with prior studies on Al-Sc-Zr 516 alloys aged isothermally between 300 and 500 ℃ [37, 38, 42], indicating that 517 the threshold for long-term stability of Al 3 (Sc 1−x Zr x ) precipitates is ∼400 ℃.
518
While detrimental to ambient-temperature strength, the coarsening observed 519 at 400 ℃ could, however, be employed to improve the high-temperature creep 520 resistance, as discussed below. an optimum precipitate size for creep, which for these alloys is R ∼10 nm. expected for the present alloys after isothermal overaging to a larger precipitate 579 radius optimal for creep resistance (e.g., isothermally at 400 ℃ as in Fig. 4 ).
580
The creep performance at higher temperatures can be compared with recent Al-0.06Sc alloy, achieving a peak microhardness of 429±25 MPa at 325 ℃.
600
In the Al-0.06Zr alloy, precipitation of Al 3 Zr (L1 2 ) commences between 601 400 and 425 ℃, achieving a peak microhardness of 295 MPa at 475-500 ℃.
602
The diffusivity of Sc in α-Al is significantly greater than that of Zr, which which are known to be deleterious to strength [13] .
608
• In the ternary Al-0.06Sc-0.06Zr alloy, the precipitation strengthening be-
609
havior parallels that of Al-0.06Sc up to 325 ℃. At higher temperatures,
610
Zr additions result in a secondary strength increase, attaining a peak after isochronal aging to 400 ℃, but overages after extended annealing at 615 this temperature (Fig. 4) .
616
• The Al-Sc-Zr alloy exhibits creep threshold stresses of 12, 9, and 
